Spatial frequency thresholds for recognition were measured for binocular and monocular viewing conditions at two contrast levels (95% and 7%). Measurements were obtained at the fovea and at four different eccentric retinal locations. Each eccentric retinal location was 8°from the fovea, one on the horizontal axis (180°), and the other three in the superior field on retinal axes of 90°, 45°a nd 135°. For the superior and horizontal retinal locations, the orientations of the gratings tested were horizontal (180°) and vertical (90°). For the retinal points on the oblique axes, the orientations of the gratings were 45°and 135°. Measurements were also obtained at the fovea for all four different grating orientations at both levels of contrast. Recognition threshold was defined as the highest spatial frequency at which luminance gratings were perceived veridically. At the fovea, binocular summation ratios (binocular spatial frequency/monocular spatial frequency) showed no significant differences for gratings of either contrast levels or for any orientation (p > 0:05). In the superior periphery, significantly higher summation ratios were shown by low contrast vertical gratings (p < 0:05), and in the horizontal periphery by low contrast horizontal gratings (p < 0:05). On the oblique axis, low contrast gratings that were parallel to the oblique meridian showed higher summation ratios compared to those at right angles to it. High contrast gratings, at least at 8°eccentricity, did not show this effect. Data suggest that meridional organisation of the retina (e.g. vertical gratings seen maximally in the superior field) occurs for resolution and that it is evidenced closer to the fovea than previously shown.
Introduction
Some psychophysical and physiological evidence exists for meridional organisation of the retina. Rovamo, Virsu, Laurinen, and Hyvarinen (1982) claimed that, although foveal resolution for sinusoidal gratings is higher for horizontal/vertical gratings compared to oblique orientations, at retinal eccentricities beyond 20°, a meridional resolution effect occurs such that maximum sensitivity is achieved when the orientation of the gratings is parallel to the visual field meridian. For example, horizontal gratings would show maximum sensitivity in the horizontal meridian. A subsequent study by Temme, Malcus, and Noell (1985) confirmed this phenomenon and both studies concluded that this meridional effect was unlikely to be due to refractive blur or off axis astigmatism. Physiological evidence for such organisation was reported by Levick and Thibos (1982) who found maximum responses when the grating orientation was parallel to the retinal meridian in the cat. Their data was explained in terms of receptive field centres that were elongated along the meridian. In addition, Thibos and Levick (1982) also showed no change in the orientation preference of ganglion cells even when the normal refractive state of the various retinal areas was disrupted. Earlier, embryonic mice studies by Mintz and Sanyal (1970) had revealed that the neural retina develops radially and that each meridional section derives from its own primordial cell. Exactly when the meridional effect is evidenced psychophysically and what factors influence it are difficult to ascertain form these studies.
The present study aims to investigate whether any meridional effects exist at 8°retinal eccentricity for binocular summation. Resolution thresholds were measured for binocular and monocular viewing conditions at two different contrast levels and binocular performance analysed in terms of binocular summation ratios. Binocular summation is defined as the superiority of binocular performance over monocular performance. An important aspect of binocularity, binocular summation has been widely investigated in psychophysical, neurological, electrophysical and clinical studies. Enhanced binocular performance has been reported with various tasks including detection, recognition and discrimination tasks for visual acuity, contrast sensitivity, light detection and reaction time (reviewed by Blake & Fox, 1973; Blake, Sloane, & Fox, 1981; Howard & Rogers, 1995) .
Previous work on binocular summation has concentrated mainly on foveal stimulation rather than at the periphery. Binocular summation in the peripheral retina has not been studied in much detail until recently, although some early experiments have been reported (Matin, 1962; Wolf & Zigler, 1959) . With a light detection task, binocular summation in the periphery was examined for different stimulus sizes by Wood, Collins, and Carkeet (1992) , between young and older subjects by Pardhan (1997) , in anisometropic amblyopes (Pardhan & Whitaker, 2000) , and at different luminance levels by Owsley (1994, 1995) . Simmons and Kingdom (1998) measured binocular summation for detection of sine wave gratings at two peripheral eccentricities, while Sireteanu, Fronius, and Constantinescu (1994) investigated grating acuity in infants at 20°e ccentricity. and Grigsby, Rogers-Adams, and Tsou (1994) also demonstrated binocular summation with both gratings and flicker at 0°, 4°and 8°eccentricity. More recently, binocular summation for recognition in the periphery was measured by Zlatkova, Anderson, and Ennis (2001) , the first study of its kind for resolution. Recognition thresholds were obtained with orthogonal gratings at high contrast levels. They compared detection and recognition thresholds and showed an increase in binocular summation ratios for recognition in the periphery while detection ratios were not significantly different for central and peripheral vision.
Various factors have been shown to influence the magnitude of binocular summation in the fovea including contrast (Banton & Levi, 1991; Bearse & Freeman, 1994; Cogan, Silverman, & Sekuler, 1982; Legge, 1984; Westendorf & Blake, 1988; Wildsoet, Wood, Maag, & Sabdia, 1998) and orientation (Harwerth, Smith, & Levi, 1980; Simmons & Kingdom, 1998) . So far, no study has reported the effect of contrast level and orientation on binocular performance for recognition in the periphery.
Methods
Measurements were carried out on a PC with a Cambridge VSG card. Stimuli were generated using the RGB framestore within the VSG apparatus and were displayed on a Pro-Nitron 80-20 colour monitor. The CONFIG program supplied with the software was used for gamma correction together with a Minolta CS-100 photometer. Measurements were taken at a distance of 1 m.
In this study, binocular summation was calculated for horizontal and vertical gratings in the superior and horizontal field, and with orthogonal gratings of 45°and 135°for the oblique retinal locations. Data were collected in two experiments. Nine young visually normal subjects took part in the first experiment which involved data collection on the horizontal meridian only (180°). The second experiment was identical in all respects except for the retinal meridians tested. Six subjects from the first experiment and three others took part in this experiment which measured the foveal thresholds at three retinal locations, each on a different retinal meridian (90°, 45°, 135°). The different experimental conditions are summarised in Fig. 1 . The superior field was chosen following reports by Jackson et al. (1994 Jackson et al. ( , 1995 which reported that binocular summation was higher in the superior than in the inferior field. For the superior and horizontal retinal locations the orientations of the gratings presented were horizontal and vertical. For the oblique meridians the orientation of the gratings were 45°and 135°. This enabled gratings to be presented parallel and at right angles to the meridian tested.
All subjects were young (range 18-25 years), and had no previous history of eye disease or amblyopia. Consent was obtained after informing each patient of the purpose of the study. All subjects were given a full optimum refractive correction for both central and peripheral viewing. The research conformed to the recommendations of the Declaration of Helsinki. All subjects were given an initial training period lasting approximately 30 min. Subjects were adapted to laboratory conditions before commencement of experiment. The mean luminance of the monitor was 30.1 cd/m 2 . The stimuli were gaussian-windowed sinusoidal gratings (gabor patch) of 1.6 cycles/sigma. A two-alternative forced choice QUEST procedure was employed in a double staircase format. For the horizontal and vertical meridians, spatial frequency thresholds were obtained for the horizontal and vertical gratings at two different levels of contrasts (95% and 7%). The gratings of the two orientations were presented in a interleaved double staircase, one staircase for the horizontal and the other for the vertical gratings. For each orientation the forced choice procedure presented two sequential windows: a signal (a grating at a particular orientation and spatial frequency) and a blank stimulus, which was noise. Pairs of stimuli did not contain both vertical and a horizontal grating but contained either horizontal or vertical gratings and a blank stimulus. For each two-interval trial the subjects had to decide which interval contained the signal grating. If the gratings (either horizontal or vertical) were correctly seen then the spatial frequency was increased to reach the threshold. Subjects had to call out which ÔtrialÕ contained the signal. For the orthogonal meridian, the gratings were orientated at 45°and 135°. The radius and standard deviation of the gabor patch altered with the changing spatial frequency of the stimulus so that, whatever the spatial frequency, the number of cycles/patch presented was constant at 8 cycles/patch. The stimuli had a constant spatial frequency bandwidth. The phase of the gratings relative to the gaussian window was sine phase. The spatial frequency changed by 1 c/deg steps. The duration of stimulus presentation was 0.3 s with an attack and decay of 0.1 s in a linear ramp. A Ôforced choiceÕ procedure as employed in this study would decrease the chances of bias compared to a Ôyes noÕ procedure. Analysis was carried out on binocular summation ratios and not absolute spatial frequency thresholds for a particular orientation.
The choice of contrast level was made following data from Thibos, Still, and Bradley (1996) who showed that, while peripheral grating detection declines steadily with contrast, peripheral grating resolution was independent of contrast down to 10%. Therefore, a contrast level lower than 10% would demonstrate the existence of any possible differences. The subjects were given audible cues when the stimulus was presented and when a response was made. A frosted/translucent diffuser occluded the non-tested eye during monocular viewing and this ensured equal amounts of light to both eyes. In addition, as previous studies have shown, the occluder would be more appropriate than a defocusing lens as it would not influence recognition thresholds in the periphery (Wang, Thibos, & Bradley, 1997) . Subjects were instructed to keep the non-tested eye open during experiments, with the help of the frosted occluder. A chin and forehead rest was used. The threshold spatial frequency for correctly recognising the orientation of the grating was determined for binocular and monocular viewing conditions. The choice of viewing, either binocular or monocular was randomised. For each condition, the first trial was discarded and the mean of three trials was taken as the threshold spatial frequency. The viewing condition (right eye, left eye, binocular), the retinal position (central and periphery) and the contrast level were randomised. Data for each subject were collected over two/three sessions.
A fixation cross was presented at the required precalculated position to allow measurement at the different retinal positions. Fixation was monitored via a mirror that was placed just above the fixation point and the subjectÕs eye was viewed through a purpose-built graticule which the experimenter monitored during the data collection session. For binocular viewing, both eyes were monitored through the mirror but only one eye was viewed through the graticule. It was assumed that movement of one eye would affect both eyes since no subject had any binocular deviation in the form of a strabismus or large horizontal decompensated phorias.
Results
Binocular spatial frequencies at thresholds were significantly higher than monocular spatial frequencies for both orientations and contrast levels. Data from the first experiment are shown in Figs. 2 and 3 In the fovea, binocular summation ratios ranged between 5% and 7% for both levels of contrast and the different orientations. Analysis of variance showed no significant differences in binocular summation ratios for different orientations of gratings in the fovea at high contrast (F 3;38 ¼ 0:45, p ¼ 0:715) or at low contrast (F 3;38 ¼ 0:41, p ¼ 0:741).
In the periphery, the ratios were dependent on the contrast level and the orientation (Table 1) . At 95% contrast level, summation ratios were not significantly different to those shown at the fovea, for the different orientations at the four eccentric points. However, with the lower contrast stimuli, binocular summation ratios were significantly higher when the orientation of the gratings was parallel to the meridian tested i.e. for the vertical eccentric retinal location, binocular summation ratios are significantly higher for vertical gratings but not for the horizontal gratings. Data at the eccentric retinal location also showed a similar significant effect (Table 1 ) when low contrast gratings whose orientation was parallel to the meridian but not at the gratings at right angles to it, or at high contrast levels. The summation values were outside the confidence limits for binocular summation ratios of AE0.045 as found in a separate experiment. Figs. 4-7 show the mean binocular summation at the different orientations and contrast levels for each of the four eccentric positions.
Discussion
Binocular summation ratios in the fovea for recognition were around 5-7%, a magnitude which agrees with those reported by Caganello, Arditi, and Halpern (1993) and Zlatkova et al. (2001) . The data provides further evidence for the existence of meridional organisation of the retina and suggests that at low contrast, it may be possible to exhibit this effect at eccentricities closer to the fovea than demonstrated by Rovamo et al. (1982) . High contrast gratings, in this study, did not exhibit this effect at the eccentricity tested. It is difficult to ascertain whether high contrast gratings would exhibit the meridional retinal arrangement under different viewing conditions or at other eccentricities from these data and requires further study.
Binocular summation ratios in the fovea were not dependent on contrast or the orientation of the gratings. The Ôsaturation effectÕ which explained Bearse and FreemanÕs (1994) data which showed lower binocular summation at high contrast levels was not shown with our data even though the contrast levels were similar in the two studies. Even if the Ôsaturation effectÕ were to explain some of the high contrast data in the periphery, it would not account for the differential results shown by the low contrast gratings at different orientations and retinal locations.
It may be argued that refractive errors may influence certain orientations in the periphery. However, Wang et al. (1997) reported that refractive errors are unlikely to affect resolution of the peripheral field. All our subjects were given optimal corrections for the central and each of the peripheral retinal points tested. Although very accurate spectacle prescriptions for the peripheral retinal points may be difficult to achieve, the specific significant results for the different orientations and the locations specified could not explained by refractive errors. In addition, data are presented in relative terms of binocular over monocular performances and any inaccuracies in absolute thresholds induced by refractive errors would cancel out when summation ratios are calculated.
In the peripheral field, Zlatkova et al. (2001) , reported an increase in recognition binocular summation ratios in the periphery. Our data did not show this rise with high contrast gratings. Zlatkova et al.Õs data were obtained at 25°peripherally and they did not examine low contrast levels so it is difficult to compare results directly. However, if binocular summation for recognition rises with increasing retinal eccentricity, then measurements made further out from the fovea may indeed increase binocular summation ratios even for high contrast gratings. Although previous studies with detection Pardhan, 1997; Pardhan & Whitaker, 2000) have reported similar or even a slight decrease of binocular summation with eccentricity, it is known that different mechanisms limit detection and recognition in the periphery (Anderson, Evans, & Thibos, 1994 Anderson & Hess, 1990; Curcio & Allen, 1990; Thibos, Cheney, & Walsh, 1987; Williams, Artal, Navarro, McMahon, & Brainard, 1996) . It is therefore likely that these mechanisms would produce a different binocular summation profile for recognition with increasing eccentricity which may well depend on various factors including the contrast of the gratings. In addition, at what retinal eccentricities meridional effect starts to occur is not known. This is currently being investigated. 
